Exploiting potential energy storage for cyclic manipulation: An analysis for elastic dribbling with an anthropomorphic robot by Haddadin, Sami et al.
Explotiong elastic energy storage for cyclic manipulation:
An analysis for basketball dribbling wit an anthropomorphic robot
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Abstract— For creating robots that are capable of human
like performance in terms of speed, energetic properties, and
robustness, intrinsic compliance is a promising design element
for achieving this. In this paper we investigate the effects of
elastic energy storage and release for ball dribbling in terms
of cycle stability based on the analysis of error evolution, peak
power performance during hand contact, and robustness with
respect to varying finger stiffness. As the ball can only be
controlled during contact, an intrinsically elastic finger extends
the contact time and the energetic characteristics of the process.
As a human is able to dribble blindly, we decided to develop
the foundation for the case of contact force sensing only, i.e. no
vision is used for our approach.
I. INTRODUCTION
Hybrid object manipulation has been investigated since
many years. Robot dribbling as an example for this was first
introduced in [1]. The authors used a half-cylindrical tube for
mapping the system to a 2-D system. The control is reactive
and pushes the ball only downwards if a contact is detected.
[2] utilizes a high-speed multi-fingered hand for dribbling
a ping-pong ball. This experiment was used for evaluating
their high-speed vision for ball tracking. [3] introduced a
basketball playing industrial robot, utilizing a solid plate as
hand. The control mainly relies on the ball tracking vision
system and achieves stability. In [4] the authors used an
elastic element for lengthening the contact time and storing
elastic energy in the system based on an optimal control
trajectory.
Related to dribbling is the classical juggling task. [5]
investigated this first. They use a mirrored and scaled version
of the ball trajectory which means that the ball has to be
tracked over the entire cycle. In [6] the first blindly juggling
robot was presented. [7] used only a linear motor for juggling
without the need of active ball tracking, as the lateral motion
is stabilized by the shape of the juggling paddle. In [7]
the authors compared an H2 optimal controller with the
previous open-loop control, which turned out to have similar
performance characteristics.
in this paper we present experiments of an elastic dribbling
robot in 6 DoF, which is an interesting problem in order
to further understand how intrinsic elasticity can be used
to achieve high-performance and energy efficiency during
highly dynamic and repetitive tasks like in throwing [8],
walking [9] and batting [10]. Several questions arise when in-
trinsic elasticity is taken into account. A particular important
one is how to select the spring stiffness for optimally achiev-
ing a given task. Our aim is to analyze this by considering
the dribbling problem, as this poses high demands on the
robot in terms of speed, dexterity, and robustness. A rather
intuitive benefit why compliance is desired, which however
has not been shown up to now, is that the robot should be
able to sustain longer ball contact over a longer time period
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compared to stiff robots. In turn, this should yield a better
opportunity to robustly control the ball.
In [11] we analyzed therefore the stability of a 1 DoF
system and also gave an observation method for tracking the
ball based on measuring the contact forces only. Therefore,
we also gave a stability analysis.
In this paper we extend the 1 DoF system to full 6 DoF
for the ball in Sect. II. In Sect. III we extend the observer
presented in [11] for the observation of all three translations
and also add a control for the lateral motion of the ball. We
end up this paper in Sect. IV by presenting measurements
that we made with an human during basketball dribbling as
well as simulations for a 3 DoF and 6 DoF ball model and
also some experiments we have done on a real robot.
II. MODELING
Todo 1
• conclusion
• Bild Hand Verena
• Bildsequenz dribbeln Verena
• Bewegungsgl. fr Simulation sami diss
In this section we outline a model for the dribbling robot.
For this, we have to describe two distinct bodies. One is
the ball and the other is the hand of the robot. A schematic
view of this is shown in Fig. 1. The robot flange with the
spring as a finger is shown in the upper part of the picture.
In reality we use three fingers that are located in one plane,
cf. Fig. 2. The fingers are directly made of spring steel. For
the damping of the impact we glued some foam material on
them.
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Fig. 1. Model of the overall model with robot and basketball.
In the modelling part, we use only one spring as a
substitute, cf. Fig. 1. The basketball is located beneath it.
Fig. 2. Hand used for basketballdribbling.
Both bodies are described by their position vector and a
rotation matrix. There are three different frames depicted.
One is the end effector frame EE. The others are the world
W , which is located on the floor and the base frame of the
robot denoted by 0, which is located above the world frame.
The mount of the spring is translated in the EE frame by
the shown offsets δz and δx.
In the following we will first go into the detail of the ball
model. Further on, we show how to obtain the forces acting
on the ball. All vectors in the following will be in the W
frame unless specified otherwise. Hence, we drop the index
for the frame.
A. Ball model
The ball is modeled as a free body with a force F B
acting on its perimeter and a vector of weight force g.
Therefore, it is described by three translational coordinates
xB = [xB yB zB]T , their velocities x˙B and the quaternion
qB = [q0 q1 q2 q3]
T
, and three rotational velocities ωB =
[αB βB γB]T around the axes of the world frame. This yields[
x¨B
q˙B
ω˙B
]
=
⎡
⎣ 1mB FB + g1
2Q(q)ωB
I−1B (rB × FB)
⎤
⎦ (1)
with rB being the vector from the center of the ball to the
force application point, mB being the mass of the ball and
IB denoting the inertia tensor of the ball that is diagonal due
to the ball’s rotational symmetry. Q(q) is a matrix that maps
the Cartesian velocities to quaternion velocities, cf. [12].
The calculation of the force F B is shown in the following
paragraphs.
For the control presented later it is useful to have the trans-
lational coordinates also in cylindrical coordinates xBC =
[ϕB dB zB]T , see Fig. 1. Those are calculated via
xBc =
[
ϕB
dB
zB
]
=
⎡
⎣ arctan2(−xB, yB)√x2B + y2B
zB
⎤
⎦ . (2)
B. Floor contact
The ball is in floor contact if
zB ≤ rB (3)
with rB being the radius of the ball. The calculation of
the contact force is split up into two components. F FCn
the normal force and F FCt the force tangential to the floor
plane.
1) Normal force: The normal force is calculated by a
Hunt-Crossley Model [13] that is
F FCn = (−KF (zB − rB)−DF (zB − rB)z˙B)ez (4)
with KF being the stiffness constant and DF the damping
constant.
2) Tangential force: The physical effect that arouses by
the tangential force is that the relative velocity between ball
and floor fades away over the contact due to the friction.
This effect is taken into account by a lumped LuGre model
[14] that is given by
s˙ = vr − σ0|vr|
g(vr)
s (5)
F = (σ0s + σ1s˙ + σ2vr)Fn, (6)
with
g(vr) = μC + (μs − μc)e−|vr/vs|α . (7)
Thereby σ0 is the rubber longitudinal lumped stiffness,
σ1 the rubber longitudinal lumped damping, σ2 the viscous
relative damping, μc the normalized Coulomb friction, μs
the normalized static friction, vs the Stribeck relative ve-
locity, Fn the normal force, vr the relative velocity and
s the internal friction state. The steady-steady friction/slip
characteristic is captured by α.
The relative velocity is calculated by
vFCr = [0 ey ez] x˙B + [0 0 − rB]T × ωB. (8)
(8) provides also the direction of the tangential force, as
it acts opposite to the direction of the relative velocity.
C. Hand model
The robot end effector is commanded via a rotation matrix
and the position vector in Cartesian impedance control. The
rotation matrix is described by a set of Euler angles, whose
rotation order is shown in Fig. 3.
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Fig. 3. Rotation order of the robot hand.
The first coordinate system C is collinear to the base
frame. The first rotation acts around the y-axis and is later
used for the control of the ball along the dB coordinate.
Thereafter, the coordinate system is rotated around the new
z-axis which will be used for control of the ball along the
ϕB coordinate. The last rotation is around the z-axis of the
base frame and is used for tracking the ball position.
D. Hand contact
The hand contact is calculated similar to the floor contact.
Therefore it is advantageous to use the position vector of the
ball expressed in the end effector frame. The condition for
hand contact is
xEEB ≥ δx + rB . (9)
We assume that there is no damping in the hand as the
fingers are made of spring steel. Hence we get
FHCn = K(xB, E, Iy)(−xEEB + δx + rB)eEEx (10)
for the normal direction of the contact. The stiff-
ness K(xB, E, I) is calculated from the linear theory on
Bernoulli beams, Fig. 4. The force F denotes the force that
is applied by the ball. Hence, we get the two reactions MR
and N . We also get the sketched bending line w(z), which
is calculated by [15]
EIy
d2w(z)
dz2 = −My(z), (11)
with E as the modulus of elasticity, Iy as the geometrical
moment of inertia around the y-axis and My as the bending
moment diagram around y, which is obtained as
My(z) = FzF︸︷︷︸
=Mr
− F︸︷︷︸
=N
z +
{
0 for z ≤ zF
F (z − zF ) for z > zF . (12)
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Fig. 4. Calculation of spring stiffness.
By evaluating (11) at zF we obtain a relation between the
force and the bending at zF as
F =
EIy
3z3F︸︷︷︸
K
w(zF ). (13)
Therewith the stiffness is known. The tangential direction of
the force is calculated analogue to Sect. II-B by utilizing a
LuGre model.
In the next section we will give an overview on the
extension of the ball observer for three translational motions
and also how we control the ball.
III. CONTROL
Our aim is to dribble blindly with force feedback only.
Thus, we have to observe the ball position. This is presented
in the following. After that we show how the ball is con-
trolled by the robot hand.
A. Observer
In the present work we want to track the ball by the force
measurement in the hand only. Therefore, we use a 6 DoF
force torque sensor mounted in the wrist of the robot. In the
signal we obtain from this sensor also other signal parts apart
from the contact force are contained. These signals are high
frequency noise, an oscillation that is founded in the springs
from the fingers, and also a force due to the acceleration of
the hand mass. To eliminate the noise we filter the signal
by a PT2 element. As the finger oscillation has only a small
amplitude and the associated frequency is very close to the
frequency spectrum of the contact force, we do not further
treat it. As we are having fast accelerations on the robot the
main contribute is the force due to the load acceleration. To
filter it out we use a velocity disturbance observer for the
robot to obtain the accelerations at the robot flange.
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Suppose we got the equations of motion for an n-link
manipulator as
q¨ = M−1(τ J − τ ext − n(q, q˙)). (14)
with q as the joint angles, M as the mass matrix, τ j as the
torques from the motors, τ ext as the external torques, and
n as a vector consisting of gyroscopic and Coriolis terms.
The observer proposed in HADDADIN is then
ˆ¨q = M−1(τJ − nˆ(q, q˙)−KO(ˆ˙q − q˙)) (15)
with qˆ as the observed joint angles and KO as the observer
gains. In fig. 5 the block diagram of this observer is shown.
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Fig. 5. Velocity disturbance observer.
With the joint accelerations we easily obtain the Cartesian
accelerations and consequently also the forces due to the
accelerations via
ˆ¨x = J˙ ˆ˙q + J ˆ¨q, (16)
with J being the EE Jacobian of the manipulator. Therewith,
we can subtract the forces due to the acceleration from the
measured force signal.
In [11] we show how a nonlinear sliding mode observer
can be set up for the observation of the vertical ball motion.
The other translations xB and yB can be observed by a
similar hybrid observer consisting of a sliding mode observer,
cf. [16], in the hand contact and a prediction in the remaining
non-contact phase.
For the observer part we need to achieve the position of the
ball from the measured force. Therefore, we take advantage
of the fact that at the point of contact only forces are acting
on the hand and no torques. Thus, we use the principle of
solidification. In this solid system there has to be a straight
on which there are no moments acting [17]. This straight can
be found by solving the equation
EEMm =EE rC ×EE Fm (17)
for EErC which is the position vector of the point of
contact. EEMm are the measured torques and EEFm are
the measured forces. With EErC and (4) we obtain the
stiffness at the point of contact. Hence, with the direction
of the straight, which is given by EEFm we get the ball
position for the observer as
EErB =EE rC +
EEFm
|EEFm|
(
−rB + |
EEFm|
K(EErC , E, Iy)
)
,
(18)
which takes the radius rB of the ball and the bending of
the spring into account. As the sliding mode observer tends
to scattering, we filter the observed ball position signal by a
PT3 element before using it for a control.
B. Control
We want to stabilize the ball at a steady point xBdes . For
the vertical motion we refer to [11], where a proof for the
stability of the vertical motion with a sine like trajectory
for the hand is given. Hence, the reference trajectory for the
motion in z-direction is taken as granted. In this paper we
want to take the vertical motion of the ball into account for
which a stability analysis is still to be done.
The first thing for stabilizing the lateral motion is to follow
the ball position with the hand position. For this, we use the
position calculated in the ball observer in Sect. III-A. As
we want to control the ball in the cylindrical coordinates
depicted in Fig. 1, we get[
xdes
ydes
ϕdes
]
=
[ −(dB −ΔH)− sin(ϕB)
(dB −ΔH) cos(ϕB)
ϕB
]
(19)
with ΔH as an offset from the EE coordinate system to
the middle of the finger.
Further on we want to attract the ball to xBdes . In order
to achieve this we use a simple PID control for the two
remaining rotations of the hand, which is given as
βdes = KPβ(dBdes − dB)
+ KIβ
∫ t
0
(dBdes − dB)d dB
+ KDβ(d˙Bdes − d˙B),
(20)
γdes = KPγ(ϕBdes − ϕB)
+ KIγ
∫ t
0
(ϕBdes − ϕB)d ϕB
+ KDγ(ϕ˙Bdes − ϕ˙B),
(21)
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x,xB
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Fig. 6. Control structure.
with Kxx being the respective gains for the PID control.
The overall structure of the closed loop system is shown
in fig. 6. A, z0andT are the given parameters for the z-axis
trajectory, cf. [11]. G denotes the model of the robot and
the ball and has the force wrench of the contact EEFm =
[EEF Tm
EEMTm]
T and the position of the robot x as
measured outputs. EEFm is filtered in ΣFil. This filtered
signal EEFFil is used in the observer ΣObs to construct the
estimate of the position xˆB , which is then used in the control
laws given by (20) and (21).
IV. SIMULATIONS AND EXPERIMENTS
In the following section we first want to present some
measuremeent data we achieved by tracking a human during
dribbling. Further on we want to show some results we
achieved by using the model from II and III for a simulation.
This section ends with some measurement we obtained in an
experiment.
A. Measurement of a human.
By utilizing a Vicon tracking system running at 180 Hz
and eight cameras we made measurements of a human
playing basketball. Figure 7 depicts the positions of the
tracked marker. Furthermore, the marker of the ball have
been placed so that the position and the rotation of the ball
could be tracked also when some marker were hidden by the
hand during hand contact. In fig. 8 a sample configuration
of the tracked data is shown. In Fig. 9 we show a sample
Fig. 7. Setup and makrer position for the tracking.
of the measured data for the ball and three marker of the
hand. Interesting is that the hand makes besides the vertical
motion also a rotation araound the radial axes of the hand.
Therefore, it can be seen in the lower velocity plot that the
Wrist and the knuckle of the middle finger stops accelerating
at the end of the contact and the fingertip is leading the ball
further. Though, most of the downward ball speed is inserted
by the fingers.
The fact of the rotation can also be seen in Fig. 10. The
points of one pose from top to bottom are shoulder, ellbow,
wrist, knuckle of middle finger and tip of middle finger.
Fig. 8. Sample Data of a tracked pose visualized in ViconIQ.
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Fig. 9. Measurement of Position and velocity for a sample dribbling
measurement of a semi-pro human player.
Hence, we can see that the two lowest lines which are the
palm and the finger are rotating.
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Fig. 10. Measurement of the pose for a sample dribbling measurement of
a semi-pro human player.
B. Simulation with a 3 DoF ball.
For first simulations of the model in section II we locked
the translations in x direction and the rotations about the y
and z axis. In Fig. 11 we give a sample of this simulation.
In the upper plot is the lateral position depicted. The steady
state point of the ball is therefore at 0. The hand is measured
at its EE coordinate system. Though we get the shift of the
hand to the ball because of the length of the finger. It can be
seen that the ball is stabilized at zero. In the lower plot the
vertical position is depicted. Also in this direction we obtain
a stable cycle for the ball motion. Further we see that the
observer is converging in two cycles towards the simulated
ball trajectory.
0 5 10 15−0.5
0
0.5
d
B
[m
]
 
 
Observer
Ball
Hand
0 5 10 150
0.2
0.4
0.6
0.8
z
[m
]
t [s]
Fig. 11. Position for a simulation with an 3 DoF ball.
C. Simulation with a 6 DoF ball.
Further we made simulations with the full model. In Fig 12
we depict therefore the position of the ball and the hand in
the world coordinate system. We obtain the same offset on
the y-axis as in the simulations with 3 DoF. We get therefore
stable trajectories for the ball in all three axes.
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Fig. 12. Position for a simulation with an 6 DoF ball.
Further in Fig. 13 we depict the forces that are used for
observing the ball and are measured in the EE coordinate
system. We get a maximal force of about 20 N during contact
in the x-axis. the relative high force in the z-axis is caused
by the friction of the ball.
D. Experiments.
We also made some experiments. A sample of the mea-
surements obtained by the experiment can be seen in the
figures 14 and 15. In the first figure the position of the ball
in the cylindrical coordinates dB and ϕB is shown.
In the second figure we find the measured and filtered
forces. The maximal force in the upper plot is in a similar
dimension as in the 6 DoF simulation (cf. fig. 13). In this
plot it can be also seen the oscilation of the finger.
Fig. 16. Snapshots form basketball dribbling.
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Fig. 13. Forces for a simulation with an 6 DoF ball.
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